Introduction
The importance of tumor microenvironment for cancer progression is becoming widely recognized in recent years. Interaction of cancer cells with their immediate stromal microenvironment overcoming the physiological barrier function of stromal cells synergizes growth, angiogenesis and initiation of an invasive and metastatic phenotype of the cancer cell.
Unlike many epithelial (mucosal and non-mucosal) organs, normal bone marrow (BM) does not appear to be organized in well-defined epithelial and stromal compartments separated by a basement membrane. However, BM is loosely composed of hematolymphoid cells set within a milieu surrounded by a mesenchymal landscape. The hematolymphoid compartment consists of a dominant hematopoietic compartment and a less prominent lymphoid compartment. The lymphoid compartment (consisting of B, T and NK cells) is less prominent during normal hematopoiesis but increases in senility and in specific marrow diseases. This review will focus on the hematopoietic compartment that consists of hematopoietic stem cells (HSCs), erythroid, myeloid, monocytic/macrophage and megakaryocytic precursors and their maturing elements. The stromal or mesenchymal compartment composed of a common hematopoietic and mesenchymal progenitor cells, endothelial progenitor cells (EPC), BM stromal cells and the extracellular matrix (ECM). The BM is a dynamic microenvironment with high concentration of growth factors and cytokines necessary for hematopoiesis, making it a highly permissive zone for cancer cell homing and survival. This is supported by the fact that solid tumors very frequently home and metastasize to BM. It is possible that the same factors that enhance survival of metastatic cancers promote leukemogenesis, enhance blast survival and make them resistant to treatment within the marrow microenvironment.
Bone marrow micro niches
There have been various attempts to define bone microenvironments that nurture and determine stem cell fate. Two such stem cell 'niches' are well described: the vascular niche and the endosteal niche. The granulocytes and megakaryocytes thrive at vascular endothelial niches whereas the endosteal niche serves as stem cell reserve. 1 The endosteal niche is defined by osteoblasts and its proximal stromal cells. 2 The cell type that is a common denominator for both the niches is the CXC chemokine ligand 12 (CXCL12) abundant reticular (CAR) cell. The CAR cells surround sinusoidal endothelial cells or are located close to the endosteum. Hematopoietic cells around the endosteal niche are in direct contact with these CAR cells. The importance of CXCL12 is shown in animal studies where deletion of the receptor for receptor for CXCL12 (CXCR4) results in severe reduction in stem cell numbers in adult mice.
As opposed to the endosteal niche, whose primary function is to maintain stem cell reserves, the vascular niche is important in maintaining a boundary between immature cells and peripheral blood circulation. Somewhat similar to the basement membrane, in its barrier function, the vascular niche is responsible for regulating the release of only the most mature hematopoietic element such as mature non-nucleated red blood cells (RBCs), platelets and mature granulocytes. In diseases such as primary myelofibrosis, the vascular niche is altered, and this can lead to release of immature precursors ('intrasinusoidal hematopoiesis') into circulation. Thus in these disorders, a defective release mechanism and a faulty vascular niche contribute to circulating leukemic blasts (with or without proliferation of abnormal precursors).
3 This is also illustrated in Figure 1 , where immature erythroid cells (nucleated RBCs and blasts) are present within vascular sinusoids in a case of primary myelofibrosis.
Neoangiogenesis and acute leukemia
Neoangiogenesis, the formation of new blood vessels, is an essential contributor to growth and malignant progression of solid tumors. In fact, in solid malignancies, failure of vascularization results in a tumor size that is limited to a few millimeters in size. 4 A delicate balance exists between pro-and antiangiogenic factors. Tilting this balance favoring neoangiogenesis and proangiogenic factors (for example, upregulating vascular endothelial growth factor (VEGF)) in itself contributes to neoplastic progression. 5 The role of angiogenesis in hematological malignancies has remained controversial until recently, 6 but many compelling evidences are emerging to support its role in leukemogenesis, leukemic progression and treatment. 7 Increased vascularization is not only seen in acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) but also in various preleukemic disorders, such as myelodysplastic syndromes (MDS) and myeloproliferative neoplasms. Not only is there increased microvessel density (MVD) at diagnosis in adult AML, 8 but there is also a marked change in vessel density in response to chemo-inductive therapies, and differentiation therapies (all-trans retinoic acid (ATRA) in promyelocytic leukemia). [9] [10] [11] Similarly, recent studies have shown the effect of antiangiogenic agents such as bortezomib (Velcade) in certain preleukemic disorders such as primary myelofibrosis. An ex vivo study of BM biopsy specimens with bortezomib resulted in reduction in MVD; however, antiangiogenic therapy has not shown any effect in human primary myeloproliferative neoplasms or in leukemia.
Leukemic blasts 12 and BM microenvironment 13 contribute equally to neoangiogenesis by secretion of different angiogenic growth factors and mediators. Given the complex interaction of various factors (pro-and antiangiogenic), stromal and hematopoietic cells involved and different phenotypes of acute leukemia, a measurable correlation between angiogenic mediators, angiogenic assays 10 and BM microvascular density has been elusive and perhaps contributed to the controversies surrounding angiogenesis and hematopoietic neoplasms.
In AML, the well-documented blast-derived proangiogenic factors are VEGF and angiopoietins. VEGF, the major proangiogenic factor in AML, acts as an autocrine and paracrine growth factor in some AMLs that express the receptor VEGF-R2. 14, 15 Clinical studies have also suggested the potential prognostic value of VEGF levels independent of blast counts for survival in some high-risk AML. 16 Similarly, expression of angiopoietins, another group of vascular growth factors, and their receptor Tie2 has been demonstrated on leukemic cells. 17 Other mediators of angiogenesis without a strongly documented correlation with MVD are basic fibroblast growth factor (bFGF), 18 interleukin (IL)-6 and IL-8. 19 Like VEGF, most of these cytokines and growth factors have proleukemic autocrine or paracrine actions. 20 A proangiogenic phenotype with higher MVD is observed in ALL, although the profile of involved angiogenic factors seems to be different of that from AML. As stated by Folkman's group 21 and confirmed by others, elevation of bFGF with normal VEGF levels is found in most patients with childhood ALL. As stated above, after chemotherapy-induced remission, vascular density reverts to normal. 16 The biological relevance of ALL angiogenesis has been demonstrated in an NOD/SCID murine model of human ALL, in which plasma collected from BM promoted proliferation, migration and the formation of capillary-like structures by BM endothelial cells. These studies also revealed a cross-talk between endothelial and leukemic cells, in which BM endothelium promoted leukemia cell survival through modulation of apoptosis signaling pathways (overexpression of bcl-2 and bcl-x L ). 22 Matrix metalloproteinases (MMP) are involved in regulation of angiogenesis and tumor progression and are produced by both stromal and leukemic cells. An abnormal pattern of expression of MMP has been described in AML and B-ALL, in which levels of MMP-2 and -9 are lower than in normal BM samples. 23, 24 Heparanase, another enzyme that degrades basement membranes, is expressed in AML, 25 although its functional importance for angiogenesis in AML has not been investigated. Downregulation of heparanase expression has been reported in acute promyelocytic leukemia, the leukemia that responds well to differentiation therapies such as ATRA, with normalization of marrow vasculature (French-American-British, FAB: M3). 11, 26 An imbalance of microenvironmental factors toward proangiogenesis initiates recruitment and growth of endothelial b a Figure 1 Endovascular niche. (a) The endovascular niche is an area immediately surrounding vessels and vascular sinusoids. The endovascular niche is involved in regulation of hematopoietic elements, especially granulocytic and megakaryocytes. In many myeloid disorders (leukemia, myelodysplastic syndromes or myeloproliferative neoplasms) the vascular microvessel density is increased within the marrow stroma. A case of primary myelofibrosis is illustrated above, where there are abnormal clusters of megakaryocytes and increased sinusoids that are dilated. As shown in the lower (left) part of the photomicrograph, abnormal megakaryocytes are sometimes found within the vascular sinusoid (intra-sinusoidal hematopoiesis). This is not seen in a normal endovascular niche, where megakaryocytes are inhibited from crossing over the endothelial barrier. Normally, megakaryocytic cytoplasmic processes penetrate the endothelium and release platelets as a shower (thrombopoiesis). (b) In this case of advanced myeloproliferative neoplasm, because of an abnormal endovascular niche, immature elements gain access to peripheral blood through vascular sinusoids, as illustrated above. This includes myeloblasts resulting in a leukemic phase. Illustrated above is a cluster of immature erythroid cells within vascular sinusoids.
Leukemia and tumor microenvironment F Ayala et al cells, necessary for neoangiogenesis. Malignant myeloid cells share similar adhesion molecules and genetic abnormalities with endothelial cells, thus suggesting either a common cell of origin or a similar microenvironmental regulation for cells in these two different compartments. 27 Another study demonstrated a higher level of circulating endothelial cells, among half of which additionally shared the genetic abnormality with the leukemic clone. 28 One group of preleukemic syndromes (MDS) also has similar abnormalities. 29 Interestingly, the EPC seem to share similar features with monoblasts in FAB M5 leukemia. Monoblasts were found to express endothelial markers such as podocalyxin in 20% of patients with M5 leukemia. They were also characterized by a higher expression of VEGF-R, Tie-2, and a higher production of VEGF-A and angiopoietin-1. When leukemic monoblasts from these patients were cultured in the presence of VEGF and Ang1, they differentiated into endothelial cells. 30, 31 However, the biological and in vivo relevance of this 'blast-to-endothelial' transformation is still unclear.
Myelodysplastic syndromes, as briefly discussed above are preleukemic, clonal HSC disorders resulting from ineffective maturation with a high risk of progression to acute leukemia. 32 Alteration of microenvironment is readily appreciated in a subset of MDS cases. Normally, myeloid stem cells are localized close to the bony trabeculaeFthe endosteal niche around osteoblasts. This niche is specifically important in maintaining the stem cell reserve. The stem cells seldom form 1-to 2-cell-thick areas in the paratrabecular endosteal niche. In MDS, the immature precursors are often found in the interstitium in aggregates (see Figure 2 ). These are described as abnormal localization of immature precursors (ALIPs). An angiogenesis switch has been proposed as one of the mechanisms of the progression of MDS to acute leukemia. However, although an increased microvascular density has been observed in most studies of MDS, there are conflicting data about its increase 33, 34 or not 35, 36 during the transformation to overt acute leukemia. In a recent analysis of this issue, vascular density and expression of basic FGF, angiopoietins, VEGFR2 and Tie2 were lower in MDS transformed to leukemia than in de novo AML, suggesting a certain independence of angiogenesis in the late phase of leukemic evolution. An increase in transforming growth factor-b (TGF-b) expression was also found in this setting, which correlated with suppression of angiogenesis. 37 These differences might be therapeutically relevant and partially explain the resistance of this group of secondary leukemias (acute leukemia arising from multilineage dysplasia: AML-MLD) to chemotherapy.
Stromal cells, growth factors, cytokines and acute leukemia
Bone marrow stromal cells are composed of fibroblasts, adipocytes, endothelial cells and osteoblasts. They are the major source of growth factors and cytokines in normal and in pathological conditions (Figure 3 ). The stromal cell composition is altered in AML, contributing to differences in microenvironment, and includes a reduction in fibroblasts and adipocytes. However, it is not known if alteration in microenvironment resulted in acute leukemia or is a secondary change. 38 Genetic alterations in BM mesenchymal stromal cells are also a subject of controversy. Chromosomal changes (numerical and structural) resembling those of leukemic cells have been described in stromal cells in a majority of 50% patients with MDS or AML. They do not appear to be clonal abnormalities and in some studies these changes were distinct from those in the leukemic cells. 39 It is not yet clear if phenotypic changes like those observed in cancer-associated fibroblasts 40 are also present in leukemic BM fibroblasts.
The effect of acute leukemic blast on the BM microenvironment is shown from its direct effect on hematopoiesis. Leukemic cells profoundly disrupt hematopoietic stroma creating abnormal malignant niches by the secretion of stem cell factor. These niches compete for CD34 þ homing and finally cause an abnormal progenitor cell function, even in early phases of the disease; 41 one such effect is the ALIPs, described above. The leukemic blast-stromal interaction effect is both ways: thus stromal cells also actively contribute to leukemic blast growth and progression. The effect of stromal cells on leukemic blasts, contrary to the other, appears to be recapitulating normal physiological cell-cell adhesion through adhesive receptors like integrins in normal hematopoietic progenitors. 42 Leukemic blast integrins (for example, b1 and b2 in AML) 43, 44 interact with stromal ligands such as VCAM-1, or fibronectin in the ECM. This adhesive interaction is necessary for leukemic blast survival and proliferation. Reciprocal activation of ILK/Akt pathway, in leukemic blasts and stromal cells, appears to be critical for this adhesion-driven AML blast survival. 45 ALL blasts on the other hand show constitutive expression of different adhesive integrins LFA-1 (aLb2; T-ALL) and VLA-4 (a4b1; B-ALL). 46, 47 Elegant in vitro models demonstrate the supportive effects of BM stromal layers for leukemic B cells. 48 Adhesion of blasts is also dependent on interactions between membrane surface receptors and the fibronectin produced by stromal cells. Overexpression of b1-integrins, especially VLA-4, on AML blasts enhances b a Leukemia and tumor microenvironment F Ayala et al adhesion to fibronectin contributing to therapy resistance and persistent minimal residual disease. 49 BM stem cells within the microenvironment further support leukemic blasts survival by preventing apoptosis, and this is mediated by upregulation of Bcl2 and Bclx proteins. 50 In addition to adhesive cell-cell and ECM--cell interactions, growth factors and cytokines elaborated by BM stromal cells enhance leukemia growth and progression through autocrine and paracrine effects. This allows a bidirectional cross talk between AML blasts and BM fibroblasts in which the latter stimulate neoplastic proliferation and angiogenesis. 51 The exact role of the different growth factors and cytokines in leukemic cell survival is not well known, but probably they form complex and dynamic networks in which leukemic blasts and stromal cells complement each other's cytokine expression, as shown in co-culture models of ALL. 52 Interleukins have a key function in survival of neoplastic T-ALL blasts. The CXCR4-CXCL12 axis participates in the upregulation of IL-8 by leukemic cells, through nuclear factor-kB and JNK/ AP-1, 53 and the high levels of IL-8 could enhance angiogenesis in the BM microenvironment.
54 IL-7 is also an important mediator in the early induction of survival by BM stroma on T-ALL cells. 55 Similar effects of IL-7 and IL-3 have been demonstrated for B-ALL. 56 As previously described, the autocrine and paracrine loops established by angiogenic factors (VEGF, angiopoietins) and their receptors in AML also support blast survival and proliferation. 57 Other factors secreted by stromal cells, such as hepatocyte growth factor (HGF) may also contribute to migration and proliferation of AML blasts. 50, 58 Chemokines and their receptors control cell trafficking and homing of hematopoietic progenitors in BM and in other organs. 59 In particular, CXCL12, previously known as SDF-1 (stromal-derived factor 1), is the main cytokine produced by BM stromal cells. The interaction between CXCL12 and its receptor CXCR4 specifically mediates migration of normal hematopoietic Figure 3 Interactions between leukemic blasts and bone marrow stromal cells. Leukemic blasts and stromal cells produce vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) and other proangiogenic mediators, which also have protumoral paracrine and autocrine effects. Integrins and CXCR4 are fundamental for blast-stroma adhesion and mediate blasts 'homing' and persistence of residual disease after treatment. Different mechanisms have been described for acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL), the latter being more dependent on bFGF than on VEGF as proangiogenic mediator. ALL microenvironment is also richer in interleukin mediators and in asparaginase synthetase, another mechanism of resistance to treatment.
Stromal cells
Leukemia and tumor microenvironment F Ayala et al cells to BM niches. A similar role for CXCR4 in homing and migration of leukemic blasts has been demonstrated in ALL, where blast homing is dependent on its expression. 60 Conversely, CXCR4 expression on AML blasts and its dependence on CXCR4/CXCL12 for homing is much more variable. 61 Only recently the connections between the CXCR4/CXCL12 pathway in leukemia and hypoxia in the BM have begun to be unveiled. BM microenvironment is thought to be hypoxic. 62 Control of CXCL12 and CXCR4 by HIF-1a within the HSC niche has been suggested as a mechanism of homing for HSCs.
63 Low (suprahypoxic) oxygenation level has also been demonstrated in leukemic BM, 64 although its relevance for leukemia progression is not as clear as in solid tumors as reduced proliferation of leukemic cells was found in association with hypoxia. 65 A recently published study has shed some light into this process, showing a direct link between the BM low oxygen levels and the high CXCR4 expression on AML blasts. Because CXCR4 promotes leukemia cell survival and adhesion, it is thought that microenvironmental hypoxia contributes directly to leukemic progression. 66 The exact role of hypoxia and HIF-1a (tightly related to angiogenesis in other tumors) 67 in regulation of angiogenesis within the BM is still unknown. Currently, studies are mostly restricted to human leukemic cells and cell lines and there are no convincing human-tissue-based studies to prove that hypoxia is involved in microenvironmental regulation. Markers such as HIF-1a may be useful in predicting/prognosticating recurrence or response to treatment.
As previously mentioned, the phosphoinositide 3-kinase/Akt signaling cascade is a key pathway in the interactions between stromal cells and leukemic blasts, especially those related to b1-integrin receptors and CXCR4-CXCL12 axis, but also in blasts' autocrine loops involving VEGF and angiopoietin. 68, 49 Stromal cues promote lineage-specific differentiation in leukemia. In a human cord blood model of MLL-AF9 leukemia transplanted into immunodeficient mice, microenvironmental alterations result in multipotent leukemia stem cells to switch lineages. In this elegant study, AML, ALL and biphenotypic leukemia were generated by simply changing the cytokine medium and/or the mouse strain, thus demonstrating the importance of microenvironmental signals for lineage commitment. 69 Further demonstration of the possibility of modification of leukemic cells behavior by microenvironment and most specifically by fibroblasts comes from studies showing differentiation toward a less malignant phenotype in a co-culture model with cell lines and patient-derived AML cells. 70 In one of these works, fibroblast clustering produced high levels of HGF/SF and other mediators (IL-1b, IL-6, IL-8, LIF, granulocytemonocyte colony-stimulating factor) and these paracrine signals were able to induce growth inhibition and differentiation of leukemic cells. Interestingly, only leukemic cell lines lacking c-Met showed this response, thus exemplifying both the differences with epithelial tumors and the probable phenotype specificity of leukemic blasts-stroma interactions. 71 Interaction of leukemic cells and immune cells of the surrounding stroma is complex but mostly biased to an inhibition of immune response by leukemic cells. For example, direct cell interactions of AML blasts and soluble factors of leukemic microenvironment potently inhibit T-cell response. 72 Indoleamine 2,3-dioxygenase, a potent immunosuppressor, is not only expressed in AML blasts but it also induces the generation of CD4 þ CD25 þ Treg populations, which contributes to immune escape. 73 Normal and pathologic BM is in contact with the endosteal surface of bone, which is covered by osteoblasts. The osteoblast, a specialized cell sharing many characteristics with fibroblast, is the main constituent of one of the two types of hematopoietic niches: the osteoblastic niche, characterized by high levels of bone morphogenetic protein, osteopontin and angiopoietin-1. 74 In vitro experiments with co-culture of normal osteoblasts have shown that osteoblasts may also support leukemic blasts growth by direct contact and by stimulating blasts to produce proangiogenic IL-8. 75 Clinical relevance of microenvironment in acute leukemia
Prognostic value of microenvironment-related markers
Emerging data on the relevance of microenvironment for acute leukemia progression have been accompanied by a growing amount of studies looking for stroma-specific markers as prognostic and predictive factors. Genetic polymorphisms, like those of VEGF 76 and CXCL12 77 have shown prognostic value in small case-control studies, although they have not been validated in adequately sized cohorts. Gene expression profiles with prognostic relevance have been developed for acute leukemia, 78 but to the best of our knowledge no stromal-based genetic signatures, like those developed for lymphomas 79 and other solid tumors, 80 are known. Proangiogenic factors levels have been the objective of most published works to date. Several unicentric studies have demonstrated a correlation between vascular density, levels of proangiogenic factors and survival in both AML 17, 18, 81 and ALL. 21, 24 Selected studies suggest the utility of angiogenic markers for prediction of response to chemotherapy or allogeneic transplantation, 82 but currently there are no validated clinical studies for their utility in a clinical setting.
Implication of bone marrow microenvironment in treatment resistance
Bone marrow microenvironment has been demonstrated to participate in resistance of acute leukemia to chemotherapy. Virtually all mechanisms reviewed here contribute to protection of leukemic cells from the effects of treatment. Specifically both direct cell adhesion-mediated and soluble-factor-mediated drug resistance have been described. 83 Accordingly, a higher protection of AML blasts from apoptosis by stromal cells has been observed in chemotherapy-resistant cell lines. 50 Different soluble mediators are involved in these processes. Using ALL cell lines, induction of TIEG1 (TGF-b inducible early gene 1) in leukemic cells was demonstrated after exposure to TGF-b and BMP-6 and after interaction with BM stroma cells. This resulted in inhibition of proliferation and protection from chemotherapy, thus suggesting a role for these two mediators in stromamediated escape from treatment. 84 High levels of asparagine synthetase in BM-derived mesenchymal cells are also one of the mechanisms participating in the resistance of ALL to asparaginase. 85 Participation of VEGF-C and other angiogenic factors in resistance mechanisms has also been proposed. 86 Hypothesized mechanisms probably include autocrine and paracrine loops, blast homing promotion by endothelial cells and stimulation of endothelium-driven blast survival through antiapoptotic signals. 22 Adhesion of leukemic blasts to stromal cells and fibronectin promotes persistence of minimal residual disease and protection from drug-induced cell death. Thus, it is not surprising the demonstration of the major role of CXCR4-CXCL12 axis, essential for BM homing, in persistence of AML minimal residual disease and in development of resistance to chemotherapy. 61 The same processes participate in resistance to new tyrosine kinase inhibitors, as demonstrated by the effectiveness of CXCR4 inhibitors in overcoming the protection of stroma on treatment-induced apoptosis of leukemic cells.
87,88
New microenvironment targets for leukemia treatment
The progressive understanding of the contributions of BM microenvironment to acute leukemia progression is currently permitting the rational development of new therapeutic approaches. 7, 89 Although a complete description of these new targeted therapies is beyond the scope of this review, some of the most promising agents are those blocking the interactions of leukemic cells with stromal cells or stroma-derived growth factors. Inhibitors of CXCR4-CXCL12 axis 90, 91 and agents targeting the ILK/Akt or the PI3K/Akt pathways 92, 93 are currently the object of intense study. Integrin inhibitors are also being evaluated as possible preventive agents against cell adhesionmediated drug resistance. 49 Furthermore, a better understanding of microenvironment-driven resistance to treatment may also allow a finer tuning of current treatment. For example, in vitro exposure of stroma to chemotherapy can decrease the protection against spontaneous and chemotherapy-induced apoptosis that BM exerts on AML cells, 94 thus providing a possible synergistic antitumoral effect. We speculate that the relatively leukemic-blast-free milieu established after induction chemotherapy may be important for directing normal hematopoietic reconstitution or persistence of minimal residual disease. However, dissecting out the different in vivo effects of treatment on stromal cells and on leukemic blast and their therapeutic relevance will probably be a difficult task and a more comprehensive understanding of the specific effects of the different drugs on stromal cells in vitro and in vivo is needed before accomplishing it. To this regard, although normal BM microenvironment damage and altered hematopoiesis have always been a concern for chemotherapy, the same could not be true for the combination of stromal-targeted therapies with conventional treatment as demonstrated by some experiments showing low BM toxicity with the use of CXCR4 or b1-integrinblocking agents. 95, 49 Last but not least, the considerable amount of clinical and experimental data supporting a role of angiogenesis in leukemia progression, and the demonstration of the possibility of in vivo modulation of acute leukemia progression by angiogenesisrelated factors, 96, 97, 98 also offers the possibility of using antiangiogenic drugs for the treatment of human leukemia. Consequently, angiogenesis-targeted drugs previously shown to be effective in solid neoplasms are now being tested in patients with refractory acute leukemia. 99 In conclusion, interactions of leukemic cells with BM microenvironment stromal cells and soluble mediators are fundamental for blasts survival, disease progression and resistance to treatment. Although rapid advances in the understanding of these processes are being made, we need a clearer picture of the relative contribution and importance of each of the interactions and of the stromal cells involved in them; clearly, more relevant in vivo models will be necessary to dissect the role of each stromal component. In fact, of all the components, it is still entirely unclear if there is a single most relevant stromal cellFare the CAR cells capable of having a vital role in the absence of its other stromal counterparts? Or interactions between the stromal elements are important in regulating the niche in health and disease? Key areas for future research are the disruption of normal hematopoietic niche by leukemic blasts, the cellular mechanisms and signaling pathways involved in persistence of minimal residual disease after treatment, and the contribution of the angiogenic switch to leukemogenesis and leukemia progression. Exploitation of leukemic microenvironment for the design of newly targeted therapies is a promising strategy for ameliorating the prognosis of these patients and for limiting the toxicity and resistance development associated to conventional treatments. Blocking of proangiogenic pathways, manipulation of the CXCR4-CXCL12 axis and anti-integrin drugs are among the most interesting areas for therapeutic development.
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